
.,
. ..

,

A CHEMICAL AND STRUCTURAL STUDY OF THE
AIN-Si  INTERFACE

R. Beye, T. George
Center for Space Microelectronics Technology, Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA 91109

Abstract

Samples of AIN grown on silicon [111] substrates were examined using
electron energy loss spectroscopy (EELS) and selected area diffraction (SAD) with
high-resolution transmission electron microscopy (TEM) to determine the source of
out-of-plane tilts and in-plane rotations of the AIN crystallite at the Si interface.
SAD results indicate that the interracial crystallite are sheared along vertical planes,
with random, intercrystallirw  rotation. The interracial phenomena are believed to
be the result of Si-Al-N interaction. Analytical experiments show no evidence of
silicon nitride formation, witnessed by nitrogen-K peak shape, up to the Si interface.
No evidence of substrate-epilayer interdiffusicm  was observed. Chemical
interaction within one monolayer of the interface is therefore suspected as the cause
of the epilayer tilts and rotations.

Introduction

The growth of low defect density heteroepitaxial  AIN has Sreat implications
for optoelectronic and high power devices since the AIN can be used either as device
material or as a buffer layer for the overgrowth of other group III-Nitrides. Silicon
substrates are particularly attractive for the growth of AIN when considering cost,
defect density, available sizes, ease of etching and cleaving and finally the possibility
of incorporating 111-N devices in VLSI circuits. The current limitations of AIN/Si
crystalline quality may stem from interactions occurring at the AIN-Si interface
during nucleation, observed in this study using transmission electron microscopy,
whereby incipient AIN interracial crystallite are mis-aligned  with respect to the
substrate.l These mis-alignments,  witnessed both in and out of the AIN basal plane,
are accompanied by a thin amorphous-like region at the AIN/Si  interface, and are
believed to be a particular feature of lJ!-N/Si  growth. Overcoming this errant
behavior during subsequent growth, or eliminating these effects entirely WTould
improve epitaxial-layer  crystal quality. The focus of the present paper is on the
mechanisms giving rise to these features.

Ideally, close-packed planes and directions of the abrupt silicon [1 11] substrate
surface are matched by equivalent planes and directions in the hexagonal A 1 N
epilayer,  according to:

(11 l)$i //(0002)*,~
[no];, // [llTO]A,N.

It has been reported that the close-packed planes between the two layers are
randomly tilted away from parallel by i3-4°; close-packed directions within these



Single crystal AIN was ciqositd over Si[lll] substrates  using rcacti~rc
mole’cular beam epitaxy (hl BIl) and lo~~’-ter~~~~crat~lrc” mctalorganic  chemical ~’apor
deposition (MCKVD). Samples for I“I{M  ~vc’re  prepared as in (1). nigh-resolution
TI{M imaging w a s  pcrformd at JI’1,. Analytical microscopy (chemical) was
performed both at Berkeley (SW Ackl~(>w~ledgt~lcl~ts)  and at Tt~n~pe.  At Elcrkclcy,  a
Jl{OL 200cx,  operating at 200 kcV was used ~vith a C;atan  1’1{1;1.S system, functioning
}~’ith approximately 2.5 V resolution. Sampling diameters were about 0.1 pm. At
Tempe, a VG HB501 scanning TEM was Lmci at 100 keV with approximately 1 V
resolution and 0.001 pm probe Ciiamctc’r.

Results and Discussion

Figure 1 sho~~~s  a typical cross-sectional }~igl~-rc~s(~ltltiol~ TIlh4 image with
corresponding electron diffraction pattern. The image shows the out-of-plane tilt
and amorphous-like background at the interface that are the subjects of this paper.
Apparen t in the d i f f r a c t i on  pattc,  rn i s  hoki’  the’ tilting of the planes, in t h i s

perspecti~re, is confined to the basal planes, and not to the orthogonal ( 1 iOO)-type
planes, as }~~itnesseci  by the degree of arc for the corrcsponciin~  reflections. The latter
reflections thus remain perpendicular to the AIN/Si interface. These, along ~~’ith
those of ( 11 ~0)-type, show considerable rotation about the basal plane when vic’wing
the epilayer from above (plan-view), hom’c’l’t’r. Simple’ tilts anti rotations of the
hexagonal crystallite seem to be the ob~rious  c~xplanation  for the obser~’eci images
and diffraction patterns, but this \voLllci  rmcier the \rertical planes no longer normal
to the silicon surface, and no streaking about the central spot is seen for the’sc
rc’flections.  (C)ccasionally, hotve~x’r , arcing about the’ cc’ntral  spot is observed for the
vertical planes, indicating simple tilts and rotations for these occurrences.)
Ilistortion  of the unit cell is then nc)ccssary, but it must bc~ done such that the basal
planes are tilted, while the Y’ert ical planes remain normal to the silicon surface.
I’his is possible if the unit cell is shc’arcd  along thcwe vertical planes. I’lan-vi~Jwr
samples show these planes to be significantly and ranciomly rotated about the) silicon
surface normal. Ilistortion  of the hexagonal unit CLI1l  to realize this rotation woLIlci
again bring the vertical planes away from parallel to the surface normal. It therefore
appears likely that the rotation tak~’s  place’ intergranularly. Both the tilting and the
rotation are enough to produce the amorphous-like appc’arance  in }~igl~-resc)l~~ti(>l~
images.
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Figure 1: SAD (a), with simulation (b), and corresponding high-resolution TEIvl
cross-sectional image (c), showing interface between silicon (bottom) and AIN (top).
Seen, are the diffuse interracial regic)n and AIN crystallite ~~ith rnis-c)rientations.

The arrangement  at the silicon interface’ is sLIch that each crystal is sheared

along vertical sets planes and rotation is confined to the interface between the
crystallite. This situation suggests the existence of compressive stresses in the
nucleating layer, where the tilting of basal planes ~vith larger lattice parameter than
that of the substrate yields a projected lattice with more comparable dimensions.
I.ikewise, the rotations may furthc’r buckle the epitaxial  layer to relie~’e compressi~re
stress. Compressive stress is not expected for AIN on Si, how~et~er. The lattice
parameter of AIN is much smaller than that of the silicon substrate, giving a tensile
stress in the epitaxia] layer. Silicon nitride, on the’ other hand, can ha~~c~  a hexagonal
lattice parameter that is slightly larger than twice that of silicon in the [111] plane.
Alpha-Si3N4 has a basal-plane lattice parameter of approximately 0.78 nm, and that
for the b~ta phase is around 0.76 nm (about tlvicc the parameter of silicon in the [111]
plane).~ The former Si3N4 phase would then yield the necessary compressive stress.

‘l’he accompanying distortion wc)LIld help to prc’serx’e the interracial bonding,
w’bile relieving compressive stress. It is therefore likely that, }~’hen considering only
lattice parameter, the energy exp~mse of distorting the AIN unit cell is lo~ver in
magnitude than that for breaking the bond across the AI N/Si interface, and lower
than the energy required to initiate a n  intc’rfacial dislocation, l’his suggests a
quantifiable relationship between the inter]ayer bonding strength, the energy of
distortion, and the dislocation generation energy. I Iowever, in addition to lattice
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parameter-based
bond angles.

stresses, silicon nitride-type bonding would introduce different

Like silicon and AIN, the fundamental building block for both alpha and beta
silicon nitride idealized bulk structures is the tetrahedron, with Si residing at the
center and N at the vertices. Each N is common to three tetrahedral, as opposed to
the analogous four for the AIN structure. That is, one structure has three Si around
each N, and the other has four Al. It is this difference in the angular distribution of
tetrahedral that would provide the necessary distorted template for the observed
AIN growth. This may not necessarily require more than a monolayer of silicon
nitride to produce the interracial effects observed here. (That the epitaxial structure
maintains the directional information of the substrate suggests minimal silicon
nitride formation. ) It may be that the Si-N bonding across the interface is sufficient
for the nitrogen to lower the number of required neighbors at the interface, thus
distorting the tetrahedral arrangement and giving bond lengths and directions more
toward those of Si3N4. Indeed, as this tilting has been observed to a lesser degree for

SiC substrates,3 where the interface is defined by the abrupt termination of the bulk
material,4  the very presence of the single interracial Si-N bond may be sufficient for
this effect. The following examines the extent of Si3N4 formation on the present Si

substrates.
Figure 2 a-c shows energy-loss spectra obtained with the JEX3L 200cx for the

nitrogen-K peak for AIN, the AIN/Si interface, and a Si3N4 standard, respectively.

Examination of the larger peak shapes (particularly the second-largest peak) and
intensities for the three spectra shows that no Si3N4-type  bonding is evident at the

Si interface. The spectra show the 2.5 V resolution to be sufficient for distinguishing
between the two bonding situations. The 0.1 pm  probe size would not be expected to
reveal interracial silicon nitride formation as the relatively small volumes would
contribute negligibly to the peak shapes. Figure 3 shows spectra taken using the
HB501, utilizing its smaller probe diameter. The similar N-K peak shapes between
bulk and interface demonstrate no silicon nitride evidence. Additionally, Si was not
found to diffuse into AIN; nor was Al or N found to diffuse into Si. These spectral
results show that the chemical interactions responsible for the tilts and rotations of
the AIN crystallite are confined to the nearest monolayer to the interface.

Conclusions

It has been shown that the tilts, rotations, and amorphous-like layer reported
in (1) consist of shear along vertical planes of the hexagonal unit cell and
intergranular rotation of the basal planes. The amorphous-like layer is then the
projection of the atomic columns after displacement. Silicon nitricle formation was
not observed, nor was interdiffusion  between the layers at the interface. The
influence of the Si-N interracial bond to alter the nearest-neighbor configuration of
the first-layer nitrogen atoms is suspected to be the cause of the out-of-plane tilts and
in-plane rotations.
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Electron energy loss spectra for nitrogen K (a) in AIN layer,
(b) in AIN at Si interface, and (c) in silicon nitride standard.
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Figure 3: Electron energy loss spectra, showing N-K peaks for AIN layer (a) well
away from Si interface and (b) at Si interface, using smaller probe
diameter (rnonolaver  scale) than that used in Figure 2. Silicon nitride-
type peak-is not observed (see Figure 2c). ‘
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